NMR study of hydrogen exchange during the B–Z transition of a DNA duplex induced by the Zα domains of yatapoxvirus E3L  by Lee, Eun-Hae et al.
FEBS Letters 584 (2010) 4453–4457journal homepage: www.FEBSLetters .orgNMR study of hydrogen exchange during the B–Z transition of a DNA duplex
induced by the Za domains of yatapoxvirus E3L
Eun-Hae Lee a,1, Yeo-Jin Seo a,1, Hee-Chul Ahn b, Young-Min Kang a, Hee-Eun Kim a, Yeon-Mi Lee a,
Byong-Seok Choi c,⇑, Joon-Hwa Lee a,⇑
aDepartment of Chemistry, and RINS, Gyeongsang National University, Jinju, Gyengnam 660-701, Republic of Korea
bAdvanced Analysis Center, KIST, Seoul 130-650, Republic of Korea
cDepartment of Chemistry, KAIST, Daejeon 305-701, Republic of Korea
a r t i c l e i n f o a b s t r a c tArticle history:
Received 7 August 2010
Revised 30 September 2010
Accepted 5 October 2010
Available online 13 October 2010
Edited by Christian Griesinger
Keywords:
NMR
Z-DNA
Hydrogen exchange
Z-DNA binding protein
E3L
Poxvirus0014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.10.003
⇑ Corresponding authors. Fax: +82 42 350 8120 (B
(J.-H. Lee).
E-mail addresses: byongseok.choi@kaist.ac.kr (B.-
(J.-H. Lee).
1 These authors contributed equally to this work.The Yaba-like disease viruses (YLDV) are members of the Yatapoxvirus family and have double-
stranded DNA genomes. The E3L protein, which is essential for pathogenesis in the vaccinia virus,
consists of two domains: an N-terminal Z-DNA binding domain and a C-terminal RNA binding
domain. The crystal structure of the E3L orthologue of YLDV (yabZaE3L) bound to Z-DNA revealed
that the overall structure of yabZaE3L and its interaction with Z-DNA are very similar to those of
hZaADAR1. Here we have performed NMR hydrogen exchange experiments on the complexes between
yabZaE3L and d(CGCGCG)2 with a variety of protein-to-DNA molar ratios. This study revealed that
yabZaE3L could efﬁciently change the B-form helix of the d(CGCGCG)2 to left-handed Z-DNA via the
active-mono B–Z transition pathway like hZaADAR1.
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The Yaba monkey tumor virus (YMTV) and Yaba-like disease
virus (YLDV) are members of the Yatapoxvirus family and have
double-stranded DNA genomes [1]. All poxviruses have a gene
called E3L that is essential for pathogenesis in the vaccinia virus
[2–5]. The E3L protein consists of two domains: an N-terminal
Z-DNA binding domain and a C-terminal RNA binding domain
[2,3,6,7]. This N-terminal region shows sequence homology to
the Za domains found in human ADAR1 (hZaADAR1) [8] and in the
IFN-inducible DLM-1 of mammals [9] (see Fig. 1A). The Z-DNA
binding afﬁnity of the Za domain of E3L is required for viral path-
ogenicity [2].
The crystal structure of the Za domain of the YLDV E3L ortho-
logue (yabZaE3L) bound to Z-DNA revealed that the monomeric
Za domain binds to one strand of Z-DNA while a second monomer
binds to the opposite strand, yielding twofold symmetry with
respect to the helical axis [4]. The overall structure of yabZaE3Lchemical Societies. Published by E
.-S. Choi); +82 55 761 0244
S. Choi), joonhwa@gnu.ac.krand its interaction with Z-DNA are very similar to those of hZaADAR1
and mZaDLM1 [8,9]. Recent NMR studies of the d(CGCGCG)2–hZaADAR1
complex [10] have suggested the active B–Z transitionmechanism of a
six-base-paired (6-bp) DNA duplex (Fig. 1B), in which the hZaADAR1
protein ﬁrst binds to B-DNA and then converts it to left-handed Z-
DNA, a conformation that is then stabilized by the additional binding
of a second hZaADAR1 molecule.
Here, to investigate the molecular mechanism of the B–Z tran-
sition of a DNA duplex induced by the yabZaE3L, we have per-
formed NMR hydrogen exchange experiments on the complexes
formed by yabZaE3L and d(CGCGCG)2 (referred to as CG6, Fig. 2B)
with a variety of protein-to-DNA (P/N) molar ratios. Comparison
of these results with those from the analysis of hZaADAR1–CG6 in
a previous study [10] leads to valuable insights into the molecular
mechanism of the B–Z transition of a DNA duplex induced by the
yabZaE3L protein.2. Materials and methods
2.1. Sample preparation
The DNA oligomer d(CGCGCG) was purchased from M-biotech
Inc. (Seoul, Korea). The DNA oligomer was puriﬁed by a reverse-phaselsevier B.V. All rights reserved.
Fig. 1. (A) Multiple sequence alignment of the Za proteins. Numbering and secondary structure elements for the Za domains of E3L from YLDV (yabZaE3L), human ADAR1
(hZaADAR1), and mouse DLM1 (mZaDLM1). Secondary structure is drawn on top of the sequence. (B) B–Z transition of a 6-bp DNA duplex by two Z-DNA binding proteins. B and
Z indicate the B-form and Z-form of the DNA duplex and P indicates the Z-DNA binding proteins.
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Fig. 2. (A) The 1D proton spectra of the CG6 DNA duplex in a 90% H2O/10% D2O solution containing 10 mM sodium phosphate (pH = 8.0) and 100 mM NaCl at 35 C upon
titration with yabZaE3L. The P/N ratios are shown on the left of each spectrum. (B) Sequence contexts of the CG6 DNA duplex. (C) The fraction of Z-DNA (fZ) of the CG6 induced
by yabZaE3L (gray circle) and hZaADAR1 (open square) [10] at 35 C as a function of the P/N ratio. Solid lines are simulated fZ of the DNA duplexes induced by yabZaE3L (black)
and ZaADAR1 (gray).
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amount of the DNA duplex [d(CGCGCG)2, CG6] was represented as
the concentration of double-stranded sample. To produce 15N-la-belled or 13C, 15N-labeled yabZaE3L, BL21(DE3) bacteria were grown
in M9 medium containing 1 g/L 15NH4Cl and/or 2 g/L 13C-glucose.
Expression and puriﬁcation of 15N-labelled or 13C, 15N-labeled
E.-H. Lee et al. / FEBS Letters 584 (2010) 4453–4457 4455yabZaE3L has beendescribed inaprevious report [4]. Protein concen-
tration was measured spectrophotometrically using an extinction
coefﬁcient of 9970 M1 cm1 at 280 nm. The DNA and protein sam-
ples were dissolved in a 90%H2O/10%D2O NMR buffer containing
10 mM sodium phosphate (pH 8.0) and 100 mM NaCl.
2.2. NMR experiments
All 1H, 13C, and 15N NMR experiments were performed on a Var-
ian 900 MHz spectrometer (KIST, Seoul) equipped with a triple res-
onance probe. All three-dimensional (3D) triple resonance
experiments and 2D NOESY experiments were carried out with
1 mM 13C, 15N-labelled yabZaE3L in the free or CG6-complexed
form at a P/N ratio of 2.5. All 1H spectra were obtained using the
complex samples that were prepared by the addition of 15N-
labelled yabZaE3L to 0.2 mM DNA samples in a NMR buffer at the
indicated P/N ratio. 1D NMR data were processed with either the
program VNMR J (Varian, Palo Alto) or FELIX2004 (Accelrys, San
Diego), while 2D and 3D data were processed with the program
NMRPIPE [11] and analyzed with the program Sparky [12]. Exter-
nal 2-2-dimethyl-2-silapentane-5-sulfonate was used for the 1H
and 15N references.
1H, 13C, and 15N backbone resonance assignments for free yab-
ZaE3L and the CG6–yabZaE3L complexes were obtained from the
following 3D experiments: CACB(CO)NH, HNCACB, HNCO, and
NOESY-1H/15N-HSQC. The average chemical shift differences of
the amide proton and nitrogen resonances between free yabZaE3L
and yabZaE3L in complex with CG6 were calculated with Eq. (1):
Ddavg ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðDdHÞ2 þ ðDdN=5:88Þ2
q
ð1Þ
where DdH and DdN are the chemical shift differences of the amide
proton and nitrogen resonances, respectively.
2.3. Hydrogen exchange rate measurement
The apparent longitudinal relaxation rate constants (R1a = 1/T1a)
of the imino protons of free DNA and the DNA–yabZaE3L complexes
at various P/N ratios were determined by semi-selective inversion
recovery 1D NMR experiments. The apparent relaxation rate con-
stant of water (R1w) was determined by a selective inversion recov-
ery experiment, using a DANTE sequence for selective water
inversion [13]. R1a and R1w were determined by curve ﬁtting of
the inversion recovery data to the appropriate single-exponential
function. The hydrogen exchange rate constants (kex) of the imino
protons were measured by a water magnetization transfer experi-
ment. The intensities of each imino proton were measured with 20
different delay times. The kex for the imino protons were deter-
mined by ﬁtting the data to Eq. (2):
I0  IðtÞ
I0
¼ 2 kexðR1w  R1aÞ ðe
R1at  eR1wtÞ ð2Þ
where I0 and I(t) are the peak intensities of the imino proton in the
water magnetization transfer experiments at times zero and t,
respectively, and R1a and R1w are the apparent longitudinal relaxa-
tion rate constants for the imino proton and water, respectively,
measured in semi-selective inversion recovery 1D NMR experi-
ments [13,14].
3. Results and discussion
3.1. Titration of CG6 with yabZaE3L
The imino proton resonance assignment for the free CG6 DNA
duplex was previously reported [10] and the CG6–yabZaE3L
complex was assigned by comparison of its NOESY spectra withthe CG6–hZaADAR1 complex. Fig. 2A shows the titration of CG6 with
yabZaE3L, where the 1D imino proton spectra change until the P/N
ratio reaches 2.6 and no free CG6 is observed. Similar to the CG6–
hZaADAR1 complex [10], the new resonances (G2z and G4z) are
indicative of left-handed Z-form helix generation in the CG6, in-
duced by yabZaE3L. In Fig. 2A, the A32 amide proton and W69-
HE1 showed two separated signals, which is due to one-bond
coupling (JNH  94 Hz) between the 1H and 15N atoms in the
15N-labeled yabZaE3L samples. Because these two components
have different transverse relaxation rates which were caused by
the dipole-dipole coupling and chemical shift anisotropy at high
ﬁeld (such as 900 MHz), one is more sharpened and the other
one is more broadened without 15N decoupling. Additionally, the
ratios of two components in the A32 amide proton and W69-HE1
resonances are kept uniform at various P/N ratios, meaning that
each component is not from the free and bound protein. The rela-
tive population of Z-DNA (fZ) was determined by the integration of
the G2z resonances as the following procedures (Fig. 2C). First, we
measured the integration values of the well-dissolved G2z reso-
nances (designated as x) and the G2b, G4b, and G4z-overlapped
signals (designated as y). Second, the fZ are in proportion to x
and the relative populations of B-DNA (fB) are in proportion to
(y  x)/2. Finally, the fZ values can be calculated by using the equa-
tion, fZ = 2x/(x + y). Like the CG6–hZaADAR1 complex [10], Z-DNA
was produced as half the total amount of added proteins until
the P/N ratio reached 1.6 (Fig. 2C). However, a small amount of
CG6 still exhibits B-conformation when the P/N ratio is 2.0
(Fig. 2A and C). This result indicates that yabZaE3L has a slightly
lower B–Z transition activity compared to the hZaADAR1 protein.
3.2. Chemical shift change in yabZaE3L upon CG6 binding
A superposition of the 1H/15N-HSQC spectra for free yabZaE3L
and yabZaE3L bound to CG6 (P/N ratio = 2.5) acquired at 35 C is
shown in Fig. 3A. Amide backbone resonance assignments for yab-
ZaE3L and yabZaE3L–CG6 complex were made by heteronuclear
NMR experiments [HNCACB, CACB(CO)NH, and NOESY-1H/15N-
HSQC]. The weighted averages of 1H/15N backbone chemical shift
changes were determined for each residue with Eq. (1) (Fig. 3B).
The chemical shift perturbation results for yabZaE3L upon binding
to the CG6 were very similar to those of hZaADAR1 reported previ-
ously [10]. All residues in the a3 helix displayed the chemical shift
changes larger than 0.1 ppm upon binding to the CG6 (Fig. 3B).
Residues K44, K45, I46, N47, Q48, Y51, and Q54 represent signiﬁ-
cant changes that were larger than 0.3 ppm (Fig. 3B). Signiﬁcant
chemical shift changes were also observed in the b1-a2 and
b2-loop-b3 regions (Fig. 3B). This chemical shift perturbation pat-
tern indicates the direct interaction of yabZaE3L with the phos-
phate backbone of CG6, as shown in the crystal structure of the
yabZaE3L–CG6 complex [4].
3.3. Exchange rate constants of the CG6 imino protons
The hydrogen exchange rate constants (kex) for the imino pro-
tons of the yabZaE3L–CG6 complex at various P/N ratios were
determined at 35 C by the water magnetization transfer method
[13,15]. The G2b and G4b imino protons of free CG6 have kex values
of 20.7 ± 0.2 and 12.0 ± 0.2 s1 at 35 C, respectively [10]. Fig. 4A
shows the kex data for the G2z and G4z imino protons of the yab-
ZaE3L–CG6 complex. Similar to results obtained for the CG6–
hZaADAR1 complex in a previous study [10], the kex values of the
G2z and G4z imino proton of the CG6–yabZaE3L complex decreased
from 11.8 ± 2.1 to 4.6 ± 0.7 s1 and from 6.4 ± 1.0 to 1.7 ± 0.6 s1,
respectively, as the fZ was increased from 0.18 to 0.99 (meaning
that the P/N ratio increased from 0.4 to 2.6) (Fig. 4A). This observa-
tion can be explained by the presence of a mixture of two imino
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Fig. 3. (A) Superposition of 1H/15N-HSQC spectra of free yabZaE3L (blue) and yabZaE3L–CG6 complex (P/N ratio = 2.5) at 35 C. Black solid lines indicate cross-peak movements
by binding of yabZaE3L to CG6. (B) The weighted average 1H/15N chemical shift changes (Ddavg) of the yabZaE3L (red, 35 C) and hZaADAR1 (red, 40 C) [10] upon binding to CG6.
f 
0.0 0.2 0.4 0.6 0.8 1.0
k  
   
(s
ec
   
 )
0
2
4
6
8
10
12
14
ex
-1
Z
G2z
G4z
Fig. 4. The hydrogen exchange rate constants (kex) of the G2z (closed circle) and
G4z (open square) imino protons for the CG6–yabZaE3L complexes at 35 C as a
function of the P/N ratio. Solid line is the best ﬁt to Eq. (4) where the kex data points
were weighted by the inverse of their variance.
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where kZPex and k
ZP2
ex are the kex of the imino protons for the ZP and
ZP2 states, respectively, and [ZP] and [ZP2] are the concentrations
of the ZP and ZP2 states, and Zt is the total concentration of Z-
conformation. As described in detail in a previous study [10,16],
the correlation between the observed kex for the imino proton of
the Z-conformation and the fZ data are given by Eq. (4):
kex ¼ kZP2ex þ
ðkZPex  kZP2ex Þ
2KBZð1 aÞfZ f1þ ðKBZ  1ÞfZ

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1þ ðKBZ  1ÞfZÞ2  4KBZð1 aÞfZð1 fZÞ
q
g ð4Þ
where KBZ = [BP]/[ZP] and a (¼ KZP2a =KBPa ) is the ratio of the associa-
tion constants, Ka, of the ZP2 and BP complex states. The a (=0.15),
KBZ (=1.02 ± 0.22), and k
ZP
ex (=11.8 ± 1.9 s
1) and kZP2ex (=4.9 ± 0.3 s
1)
values for the G2z imino protons were determined by curve ﬁtting
kex of the G2z imino protons as a function of the fZ with Eq. (4)
(Fig. 4). The kex data for the G2z imino protons imply that binding
of the second yabZaE3L protein reduced the exchange process of
the G2z imino proton. Interestingly, these kex values for the G2z
imino protons in the ZP and ZP2 states are similar to those of the
CG6–hZaADAR1 complex in a previous study [10]. This analysis
revealed that yabZaE3L (P) binds 6.5-fold more strongly to freeZPZP (~ BP) 2
C
P/N ratio
0.0 1.0 2.0 3.0
/N ratio
2.0 3.0
) and (C) ZP2 (circle) complex states in the CG6–yabZaE3L complex determined from
the simulated relative population of each complex state.
E.-H. Lee et al. / FEBS Letters 584 (2010) 4453–4457 4457CG6 (B), to form a BP complex, than it does to ZP to form a ZP2 com-
plex (KBPa =K
ZP2
a = 1/a  6.5).
3.4. Implication on the B–Z transition mechanism
The crystal study revealed that the overall structures of yab-
ZaE3L and its protein–DNA contacts are very similar to those of
hZaADAR1 [4,8]. The Z-DNA-binding surfaces of these two proteins
show very similar curvatures and charge distribution [4]. In con-
trast to mouse DLM-1, these two proteins have nearly identical
wings (b2 and b3), which are though to be related to the B–Z tran-
sition rate [4]. A previous study reported that free CG6 exhibits
only the B-form conformation under physiological conditions
(i.e., K0BZ = [B]/[Z] >> 1), but K
1
BZ = [BP]/[ZP] is approximately one
when CG6 is bound to one molecule of hZaADAR1 [10]. Similarly,
this study revealed that one molecule of yabZaE3L can change the
B-form helix of CG6 to left-handed Z-DNA via the active-mono
B–Z transition pathway. The K1BZ (=1.02 ± 0.22) means that yab-
ZaE3L and hZaADAR1 have the same B–Z transition efﬁciency, which
is consistent with their structural similarity in complexes with
Z-DNA.
The relative population of each complex state (such as B, BP, ZP,
and ZP2) as a function of the P/N ratio was determined from the
experimental data such as the fZ and exchange rate constants
(kex, k
ZP
ex , and k
ZP2
ex ) as the following procedure. First, the [ZP] is cal-
culated by using Eq. (5):
½ZP ¼ kex  k
ZP2
ex
kZPex  kZP2ex
Zt ð5Þ
Second, the concentration of the BP state ([BP]) is calculated from
the following relation, [BP] = K1BZ[ZP]. Third, the concentration of
the B state ([B]) can be calculated by using the equation,
[B] = 1  Zt  [BP]. Forth, the [ZP2] is calculated by using the
equation, [ZP2] = Zt  [ZP]. Finally, the concentration of free ZaADAR1
([P]) can be calculated by using the equation, [P] = Pt  [BP] 
[ZP]  [ZP2], where Pt is total concentration of ZaADAR1. Fig. 5 shows
the relative population of each complex state (including estimated
errors) determined from the fZ and exchange rate constants. From
these concentrations, the association constants, KBPa = [BP]/[B][P]
and KZP2a = [ZP2]/[ZP][P], were calculated. The K
BP
a and K
ZP2
a values
of CG6–yabZaE3L complex are 4.8 ± 2.5  107 and 3.2 ± 1.6  106,
respectively. This indicates that the initial binding of ZaADAR1 to
B-DNA is slightly more efﬁcient than the second ZaADAR1 binding to
the ZaADAR1–Z-DNA complex. The relative population of each com-
plex state as a function of the P/N ratio could be calculated from these
association constants (KBPa and K
ZP2
a ) and equilibirum constant (K
BZ
1 )
for B–Z transition and the results are shown in Fig. 5 (solid lines).
Similar to hZaADAR1, yabZaE3L (P) preferentially binds to B-DNA CG6
(B), rather than to other CG6–yabZaE3L complexes such as BP and
ZP. Thus, the [B] was gradually decreased, but the [BP] and [ZP] were
increased as the P/N ratio increased up to 1 (Fig. 5). When the P/N
ratio rose to P1, the ZP2 complex began to be predominantly pro-
duced by the binding of the ZP to the added P (Fig. 5).In summary, our NMR study of the CG6–yabZaE3L complex
suggests the active-mono B–Z transition mechanism of a 6-bp
DNA duplex like hZaADAR1 (see Fig. 1B), in which (i) one molecule
of yabZaE3L binds to B-DNA; (ii) the conformational transition from
B-DNA to Z-DNA in the complex follows; and ﬁnally (iii) the stable
one-to-two Z-DNA–yabZaE3L complex is produced by addition of
another hZaADAR1 molecule.
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